Structure deformations induced by pressure and temperature in synthetic ''Cs-tetra-ferriannite'' 1M [Cs 1.78 Cs. ''Cs-tetra-ferri-annite'' is not a mineral name, but for the sake of brevity is used here to designate a synthetic analog of the mineral tetra-ferri-annite. The bulk modulus and its pressure derivative determined by fitting the unit-cell volumes between 0 and 47 kbar to a third-order Birch-Murnaghan equation of state are K 0 ϭ 257(8) kbar and K 0 Ј ϭ 21(1), respectively. Between 23 ЊC and 582 ЊC, the a and b lattice parameters remain essentially unchanged, but the thermal expansion coefficient of the c axis is ␣ c ϭ 3.12(9) ϫ 10 Ϫ5 ЊC Ϫ1 . High pressure (P) and high temperature (T) produce limited internal strain in the structure. The tetrahedral rotation angle, ␣, is very small and does not change significantly throughout the P and T range investigated. Above 450 ЊC in air, ''Cs-tetraferri-annite'' underwent an oxidation of octahedral iron in the M2cis site, balanced by the loss of H and shown by a decrease of the unit-cell volume.
INTRODUCTION
The storage of high-level radioactive waste is a liability of nuclear technologies (Lewis 1985) . Potential containers for fission products are mineral-like phases capable of including several radioisotopes in their structure, mostly as dilute solid solutions. They must have long-term stability and resistance to radiation damage and to chemical, physical, and mechanical agents. One such ceramic material with a simple manufacturing technology is ''Synroc,'' a multiphase immobilizing barrier based on geochemical principles (Ringwood 1985) , which consists mainly of rutile, zirconolite, perovskite, and hollandite. Of these, hollandite can trap 135 Cs and 137 Cs, which are among the most problematic radiogenic isotopes because of their large ionic radius, strong activity, and medium half-life. * E-mail: Rieder@mbox.Cesnet.Cz
The recently synthesized one-layer mica ''Cs-tetra-ferri-annite'' was proposed as another promising candidate for the storage of radiogenic Cs isotopes (Mellini et al. 1996) . ''Cs-tetra-ferri-annite'' was easily synthesized under hydrothermal conditions and the data available indicate it is a mica structure with limited internal strain, likely to have strong thermal stability. In this context, the structural response of Cs-mica to elevated pressure and elevated temperature should be known.
This study determines the compressibility of ''Cs-tetra-ferri-annite'' and its thermal expansion. Its structure was refined at a set of temperatures and pressures. The results are compared with those for phlogopite (Hazen and Finger 1978) and dioctahedral K and Na micas (Comodi and Zanazzi 1995; 1997) to elucidate the role of the interlayer cation in the mica under elevated T and P. 
EXPERIMENTAL METHODS
The sample of ''Cs-tetra-ferri-annite'' was synthesized under hydrothermal conditions at 550 ЊC and 1 kbar (Drá-bek et al. 1998) . The crystals used for diffraction experiments came from the same run as those studied by Mellini et al. (1996) Fe 1.80 Diffraction data were collected on a four-circle Philips PW1100 diffractometer using graphite monochromatized MoK␣ radiation ( ϭ 0.7107 Å ). There were two sets of data for high P (crystal no. 1) and high T (crystal no. 2) experiments. Integrated intensities from two equivalent reciprocal lattice quadrants with indices Ϯ hkl and Ϯ hkl were collected for structural refinement at room conditions. Data were corrected for absorption according to the method of North et al. (1968) and merged. Starting from the atomic parameters of Mellini et al. (1996) , anisotropic refinement in space group C2/m was carried out using the SHELXL93 program (Sheldrick 1993) . Neutral atomic scattering factor values from the International Tables for X-ray Crystallography (Ibers and Hamilton 1974) were used. Details of the refinement and data collection are in Table 1 . Final atomic coordinates and displacement parameters are in Table 2 ; observed and calculated structure factors are in Table 3 . 
High-P experiments
A Merrill-Bassett diamond-anvil cell (DAC) with 1/8 carat diamonds was used for the high-pressure study. A Sm 2ϩ :BaFCl powder was used for pressure calibration (Comodi and Zanazzi 1993a) , and a 4:1 methanol:ethanol mixture served as pressure-transmitting medium. Pressure was monitored by measuring the wavelength shift of Sm 2ϩ line excited by a 100 mW argon laser and detected by a 100 cm Jarrell-Ash optical spectrometer. The precision of the pressure measurements was Ϯ0.5 kbar. Steel foil 250 m thick with a hole 300 m in diameter was used as gasket material. Lattice parameters were determined at pressures between 0.001 and 47 kbar (Table 4) by applying the least-squares method to diffraction angles of about 30 selected reflections. Intensity data at 39.4 kbar were collected up to 35 Њ, adopting the non-bisecting geometry (Denner et al. 1978) and the 2 Њ scan mode; the data were corrected for pressure-cell absorption by an experimental attenuation curve (Finger and King 1978) and analyzed with a digital procedure (Comodi et al. 1994) , visually inspected to eliminate errors due to the overlap of diffraction effects from various parts of the diamond cell or by shadowing by the gasket, and merged to an independent data set. The structure was refined with individual isotropic atomic displacement parameters using the SHELXL93 program.
High-T experiments
For the high-temperature study, a microfurnace constructed at the University of Perugia and described by Comodi and Zanazzi (1993b) was used. The temperature of the heating device was calibrated by thermal expansion of a NaCl crystal (Pathak and Vasavada 1970) . Crystal no. 2 was fixed in a silica capillary with a ceramic cement (M-Bond GA-100 cement, M-M Division, Measurements Group Inc., Raleigh, North Carolina, U.S.A.). To monitor temperature, an NaCl single crystal was mounted on the capillary, and its lattice parameter a was determined at each temperature from the angles of 32 selected reflections. The precision of temperature measurements was better than Ϯ5 ЊC. Two hours were allowed for thermal equilibration at each temperature. Intensities used for structure refinements were measured at 296 and 435 ЊC (Table 1) . For the SHELXL93 refinement, anisotropic atomic displacement parameters were used for all atoms.
Lattice parameters of the mica were measured in air at several temperatures between 23 and 582 ЊC (Table 5) . (2) 9.506(1) 9.490(2) 9.481(6) 9.469(2) 9.474(2) 9.455(2) 9.451(4) 9.450(3) 9.440(2) 9.443(4) 9.435 (2) 10.818 (1) (5) 99.67(6) 99.7(2) 99.9(4) 100.0(2) 100.0(3) 100.2(2) 100.2(2) 100.2(5) 100.1(2) 100.3(7) 100.3 (3) 556.1(1) 549.9(4) 543.3(6) 536.5(4) 533.0(5) 523.6(3) 522.8(4) 521.5(4) 520.1(3) 519.8 (4) Above 450 ЊC, the cell volume increased at a decidedly lesser rate, most probably due to oxidation of octahedral Fe 2ϩ to Fe 3ϩ and the related loss of hydrogen with a concomitant decrease of volume. The sample was then kept at 582 ЊC, and its lattice parameters were measured at regular time intervals (Table 6) . During the first 30 h, unit-cell volume continuously decreased without significant variation of the reflection intensities. Subsequently, a progressive decrease of the intensities was observed. This indicated more serious damage of the structure and, therefore, after ϳ50 h, the temperature was allowed to decrease. The drop of the unit-cell volume was irreversible.
After reaching room temperature, a fragment of crystal no. 2 was recovered from the capillary and mounted for intensity collection in air to study structural changes induced by heating. The quality of the fragment was sufficient to allow structural refinement.
RESULTS

Ambient conditions
The results of the anisotropic structural refinements of synthetic ''Cs-tetra-ferri-annite'' at room conditions are in close agreement with those of Mellini et al. (1996) . Relevant bond lengths and geometrical parameters of the 2:1 layer and the interlayer region are listed in Tables 7  and 8. The structure is homooctahedral, with the M1 and M2 octahedra occupied by divalent iron (Ď urovič 1981) . The mean Fe-O bond lengths are 2.130 and 2.126 Å , respectively, somewhat larger than the 2.121 and 2.101 Å reported in annite (Hazen and Burnham 1973) ; however, the latter exhibits a partial ordering of Fe 3ϩ , Ti, and Mn in the M2 site. The mean T-O distance in ''Cs-tetra-ferri- Notes: Polyhedral volumes were computed with program VOLCAL (Hazen and Finger 1982) ; e s , e u are mean shared and unshared octahedral edges; is octahedral flattening angle, ␦ is counter-rotation of top and bottom anion triads in an octahedron (Weiss et al. 1985) . Tetrahedral rotation ␣ was calculated according to Hazen and Burnham (1973 annite'' is 1.686 Å , as expected if about 1/4 of tetrahedral positions is occupied by Fe 3ϩ . The relative dimensions of the tetrahedral and octahedral sheets allow an undistorted T-O-T packing, with an almost zero tetrahedral rotation angle ␣ (␣ in annite was calculated as 1.6 Њ, Hazen and Burnham 1973) . There is a very small difference between the means for six ''inner'' and six ''outer'' Cs-O distances, making the coordination of Cs 12-fold, very close to an ideal hexagonal prism. A similar coordination was reported in the dioctahedral mica nanpingite-2M 2 , a Cs analog of muscovite. However, it had a larger difference between ''inner'' and ''outer'' Cs-O distances of ⌬Cs-O ϭ 0.239 Å and ␣ ϭ 5.5 Њ (Ni and Hughes 1996).
High-P results
The variation of lattice parameters of ''Cs-tetra-ferriannite'' with pressure (Table 4 ) is shown in Figure 1 
Ϫ4
, and ␤ c ϭ 11.7 ϫ 10 Ϫ4 kbar Ϫ1 (Hazen and Finger 1978) , although the anisotropy of axial compressibilities is less pronounced (␤ a :␤ b :␤ c ϭ 1:1.1:4.8). The difference is due to greater compressibility of the octahedral sheet of phlogopite wherein MgO 6 is less rigid than FeO 6 (as shown by comparative studies of Zhang et al. 1997 on clinopyroxenes) . Differences also arise because of a (3) 3.928 (1) 3.385(9) 3.386 (9) 3.393(6) 3.400(6) 3.393 78.1 (5) 3.999 (3) 3.397(9) 3.408 (9) 3.396(6) 3.408(6) 3.402 78.9 (5) 4.032 (3) 3.343(6) 3.371(6) 3.323(4) 3.355(4) 3.345 75.4 (3) 3.874 (2) * Crystal no. 1.
smaller compressibility of the interlayer of phlogopite, as the K polyhedron is less compressible than the Cs polyhedron. The isothermal bulk modulus of ''Cs-tetra-ferriannite,'' calculated as the reciprocal of the mean compressibility of the unit-cell volume, is 530(10) kbar. Bulk modulus K 0 and its P derivative K 0 Ј, determined by fitting the unit-cell volumes to a third order Birch-Murnaghan equation of state, are K 0 ϭ 257(8) kbar and K 0 Ј ϭ 21(2).
To understand how individual structural units contribute to the evolution of the ''Cs-tetra-ferri-annite'' structure with P, the results of the refinement at 0.001 kbar were compared with those at 39.4 kbar (Tables 7 and 8 ). The mean T-O bond length decreases from 1.688 to 1.67 Å , and the tetrahedral volume drops from 2.47(2) to 2.40(9) Å 3 . The resulting polyhedral bulk modulus is 1370(400) kbar. Pressure seems to affect most the corrugation of the basal surface of tetrahedra (⌬z), by increasing it from 0.013 to 0.04 Å . To put this change into perspective, the highest values of ⌬z known are those for muscovite (0.20-0.23 Å ), whereas in trioctahedral micas, they only exceptionally exceed 0.08 Å (⌬z ϭ 0.002 Å in phlogopite, Hazen and Finger 1978 ; 0.008 Å in tetraferriphlogopite, Donnay et al. 1964; 0.014 Å in annite, Hazen and Burnham 1973) . Somewhat more pronounced are the pressure-induced changes in the octahedral sheet. The structure remains homooctahedral, the mean M1-O and M2-O distances change from 2.132 and 2.128 Å to 2.11 Å (the same in both). The volumes of octahedra drop from 12.67(5) and 12.61(9) Å 3 to the value of 12.2(3) Å 3 (both octahedra); octahedral bulk moduli are 1040(300) and 1190(300) kbar for M1 and M2, respectively. In the interlayer, the mean Cs-O distance decreases from 3.366 to 3.22 Å . There is a small increase of the tetrahedral rotation angle ␣ from 0.15Њ to 0.36Њ. The Cs [12] prism is very soft; its volume changes from 76.5(4) to 66(2) Å 3 with a polyhedral bulk modulus of 260 (70) kbar. This value is among the lowest for oxygen-based polyhedra known to date.
The most conspicuous changes involve the interlayer where Cs is located: with increasing pressure, the interlayer thickness decreases from 3.899(3) to 3.42(1) Å , whereas the octahedral thickness drops from 2.180(3) to 2.14(1) Å , and the tetrahedral thickness decreases from 2.272(3) to 2.24(1) Å . The contribution of the 2:1 layer to the thickness reduction along [001] is about five times less than that associated with the interlayer. The present results closely agree with those for phlogopite (Hazen and Finger 1978) where the contribution due to compression of the interlayer volume represents 75% of the overall reduction.
Comparing results for phlogopite and dioctahedral micas of the K-Na series points to strong control of the interlayer cation over the mica compressibility. In Figure  2 , the bulk modulus correlates inversely with the ionic radius of the interlayer cation.
High-T results
The variation of lattice parameters of ''Cs-tetra-ferriannite'' with temperature in the range 23-582 ЊC (Table FIGURE 2 . Bulk modulus of some micas vs. the ionic radius of the interlayer cation (radii from Shannon 1976) . Na(pg) ϭ paragonite with K T ϭ 650 kbar (Comodi and Zanazzi 1997) , Na(ms) ϭ Na-rich muscovite with K T ϭ 600 kbar (recalculated from Comodi and Zanazzi 1997) , K(phl) ϭ phlogopite with K T ϭ 585 kbar (Hazen and Finger 1978) , K(ms) ϭ muscovite with K T ϭ 560 kbar (recalculated from Comodi and Zanazzi 1995) , Cs(tfa) ϭ ''Cs-tetra-ferri-annite'' with K T ϭ 530 kbar (this work). Figure 3 , normalized to values corresponding to 23 ЊC. The thermal expansion pattern is strongly anisotropic.Whereas a and b lattice parameters remain essentially unchanged throughout the temperature range, the thermal expansion coefficient of the c axis is ␣ c ϭ 3.12(9) ϫ 10 Ϫ5 ЊC Ϫ1 and the ␤ angle decreases linearly with temperature. These results are in a rough agreement with those reported for synthetic fluorphlogopite (Takeda and Morosin 1975) whose expansivities measured in the same T range are ␣ a ϭ 8.9 ϫ 10 Ϫ6 , ␣ b ϭ 7.7 ϫ 10 Ϫ6 , ␣ c ϭ 18 ϫ 10 Ϫ6 ЊC Ϫ1 (␣ a :␣ b :␣ c ϭ 1.2:1:2.3). In fluorphlogopite, the expansivity along c direction is about one-half that in ''Cs-tetra-ferri-annite.'' As in the high-pressure behavior, such pronounced differences can be ascribed to the very different T-O-T and interlayer composition of the two micas.
5) is shown in
The structural refinements based on data measured at 296 and 435 ЊC (Tables 7 and 8) show that the larger thermal expansion along the c direction is mainly due to the dilatation of the interlayer. Over the interval between 23 and 435 ЊC, the tetrahedral thickness barely changes, the octahedral thickness increases by 0.03 Å , but the interlayer separation increases by 0.10 Å . Mean M1-O and M2-O distances increase to 2.134 Å , less than 0.4%, while the octahedral flattening angle decreases from 59.2 to 58.9Њ. The T-O distance remains constant over this T range. All Cs-O bond lengths expand, although not homogeneously: bonds Cs-O1 and Cs-O1a are shortest at 23 ЊC, but the shortest at 435 ЊC are Cs-O2 and Cs-O1. The rotation angle ␣ changes from Ϫ0.06 to Ϫ0.47Њ.
Above 450 ЊC, ''Cs-tetra-ferri-annite'' underwent irreversible changes, the nature of which could be deduced from the refinement of the structure of crystal no. 2 at 23 ЊC after heating and from the change of unit-cell parameters at 582 ЊC measured as a function of time (up to ϳ50 h). The refinement at 23 ЊC after heating does not indicate any significant changes in the tetrahedra. The volume of octahedron M1trans remains approximately the same as before the heating, while the M1-O mean distance increases slightly, in spite of the shortening of M1-O4 (i.e., M1-OH) bond lengths. Unlike M1, the M2cis octahedron contracts with a volume decrease of 0.5 Å 3 and a shortening of some M2-O distances, chiefly those involving OH Ϫ (Table 7) . The flattening angle increases slightly for M1 and to a lesser extent for M2. Tetrahedral rotation angle ␣ increases considerably to 0.66Њ. The mean Cs-O distance decreases and so does the volume of the Cs polyhedron (Table 8 ). These data suggest that the oxidation of Fe 2ϩ takes place mainly in the M2 site, confirming the findings of Rancourt et al. (1994) for annite and the general crystal-chemical behavior of high-charge cations in trioctahedral micas (Cruciani and Zanazzi 1995) . A complete oxidation of divalent iron in the M2 position, balanced by a loss of H 2 , can be described by the reaction 2Fe 2ϩ ϩ 2OH Ϫ ϭ 2Fe 3ϩ ϩ 2O 2Ϫ ϩ H 2 (Dymek 1983 ). The change of unit-cell parameters measured at regular time intervals on a crystal maintained at 582 ЊC in air (Fig. 4) follows two patterns, one for times up to ϳ1800 min and another for longer times. The inset in Figure 4 shows an exponential decrease of the cell volume vs. time during the first 1800 min and may represent a qualitative kinetics of the above-mentioned oxidation-dehydroxilation of the mica at constant T. The steeper slope of the unit-cell volume decrease observed above 1800 min (Fig.  4) probably represents a different style of oxidation that involves Fe 2ϩ in M1 and inflicts a further damage to the crystal structure, also betrayed by a decay of reflection intensities.
Obvious differences exist between trioctahedral and dioctahedral micas, so results from dehydroxylation of muscovite (Guggenheim et al. 1987) will not parallel those for ''Cs-tetra-ferri-annite''. In muscovite, the K-O2 bond length expands with temperature more rapidly than the other interlayer bonds, and the tetrahedral rotation angle ␣ drops from 11.8 to 9.8Њ as the temperature rises from 20 to 525 ЊC. No analogous effects were observed in ''Cs-tetra-ferri-annite''.
DISCUSSION AND CONCLUSIONS
The effects of pressure and temperature on the structure of ''Cs-tetra-ferri-annite'' are roughly similar, but opposite in sign. This applies to the changes in cell edges and their anisotropy, the behavior of the ␤ angle (which increases with P and decreases with T) as well as polyhedral deformations (which behave antisymmetrically). The most evident effects concern the interlayer where the Cs cation with its large ionic radius is located. Cs is 12-fold-coordinated, and the polyhedron-an almost ideal hexagonal prism-is a part of the structure with the highest compressibility or expansion coefficients, giving the framework the imprinting of a soft and dilatable array.
Other micas, such as phlogopite, also display the roughly ''inverse'' behavior with temperature and pressure, but the compressional and dilatation patterns of ''Cs-tetra-ferri-annite'' are more anisotropic. Additionally, the anisotropic pattern of expansion and compression is quite different for both.
Independent isobaric data on thermal expansion and isothermal compressibility define the ''geometric'' equation of state for ''Cs-tetra-ferri-annite'' on the basis of cell-volume variations: V/V 0 ϭ 1 ϩ 3.0(1) ϫ 10 Ϫ5 T Ϫ 2.68(9) ϫ 10 Ϫ3 P ϩ 2.0(2) ϫ 10 Ϫ5 P 2 , where T is in ЊC, P is in kbars. The ␣/␤ ratio of about 12 bar/ЊC indicates that the cell volume of ''Cs-tetra-ferri-annite'' will remain unchanged under a geothermal gradient of ϳ23 ЊC/km. This value is higher than the mean geothermal gradient, but it may become realistic if additional heat is supplied by nuclear reactions, as may be true in a radioactive waste repository. In an oxidizing atmosphere, above 450 ЊC, Fe 2ϩ in the M2cis site of ''Cs-tetra-ferri-annite'' changes to Fe 3ϩ , while OH Ϫ changes to O 2Ϫ . Structural changes associated with this reaction affect merely the lateral dimensions of the octahedral sheet.
Structural data obtained during the present research show that neither high pressure nor high temperature create any detectable internal strain in the structure. The tetrahedral rotation angle ␣ remains nearly zero throughout the P and T range at room conditions, 0.36Њ at 39.4 kbar, and Ϫ0.47Њ at 435 ЊC. In summary, the structure of ''Cstetra-ferri-annite'' seems to withstand well moderate conditions of temperature and pressure, showing a fair mechanical stability. It may be a suitable candidate for the storage of large ions (Cs) in its interlayer, also at high-P and high-T conditions, and should be considered as a potential component of Synroc.
